In order to find the cellular interaction factors of the Heliothis armigera nuclear polyhedrosis virus capsid protein VP39, a Heliothis armigera cell cDNA library was constructed. Then VP39 was used as bait. The host actin gene was isolated from the cDNA library with the yeast two-hybrid system. This demonstrated that VP39 could interact with its host actin in yeast. In order to corroborate this interaction in vivo, the vp39 gene was fused with the green fluorescent protein gene in plasmid pEGFP39. The fusion protein was expressed in the Hz-AM1 cells under the control of the Autographa californica multiple nucleopolyhedrovirus immediate early gene promoter. The host actin was labeled specifically by the red fluorescence substance, tetramethy rhodamine isothicyanete-phalloidin. Observation under a fluorescence microscopy showed that VP39, which was indicated by green fluorescence, began to appear in the cells 6 h after being transfected with pEGFP39. Red actin cables were also formed in the cytoplasm at the same time. Actin was aggregated in the nucleus 9 h after the transfection. The green and red fluorescence always appeared in the same location of the cells, which demonstrated that VP39 could combine with the host actin. Such a combination would result in the actin skeleton rearrangement.
Introduction
Heliothis armigera is the most dangerous cotton pest in P.R. China, which causes significant damage to corn, tobacco, tomato, and wheat. Many years of chemical control to the pest have led to its serious resistance and environmental pollution. The Heliothis armigera nuclear polyhedrosis virus (HaNPV), due to its specifity and harmlessness to other organisms as well as the environment, has been used as a commercial bioinsecticide for years. But compared to chemicals, HaNPV kills pests slower, which decreases its effect and limits its wide application (Peng et al., 1998) . We are now researching the infection mechanism of HaNPV and hope to improve its pest-killing effect.
Like the Autographa californica multiple nuclear polyhedrosis viruses (AcMNPV), the type-species of Nuclepolyhedrovirus genus, larvae infected by HaNPV also results in the liquidization of the host. It was discovered that the AcMNPV capsid protein P39 is related to the rearrangement and polymerization of host actin (Chariton et al., 1991; 1993) . The conformation-changed actin is more suitable for proteolysis by another viral protease, V-CATH, and leads to the host liquidization (Lorene et al., 1996) . In addition, AcMNPV VP39 is needed in the host nuclear actin polymerization that is required for AcMNPV nucleocapsid morphogenesis (Taro et al., 1999) .
The vp39 gene of AcMNPV, the major component of the capsid, is 1044bp. The vp39 gene of the Heliothis armigera nuclear polyhedrosis virus (HaNPV) that we isolated and identified is 882bp. It has a 54% and 40% homology with that of AcMNPV in the DNA and amino acid sequences, respectively (Lorene et al., 1996; Chen et al., 2001) . The objective of the current study is to corroborate the function of the HaNPV capsid protein VP39 in virus infection.
Materials and Methods
Insect cell culture, bacterial strain, yeast cell, and plasmids Hz-AM1 cells, provided by Dr. Liu Deli (Huazhong Normal University, P.R. China), were the host for the VP39 transient expression. The cells were cultured in Grance's insect cell culture medium that was supplemented with 10% fetal bovine serum (FBS) at 28 o C. E. coli DH5α, originating from our laboratory, was host for all of the bacterial plasmid manipulations. The yeast two-hybrid *To whom correspondence should be addressed. Tel: 86-27-87682938; Fax: 86-27-87661831 E-mail: qiyipeng@whu.edu.cn system was purchased from Clontech (Franklin Lakes, USA). Yeast HF7C, which was grown in YPD medium at 30 o C, was the host for pGBT9, pGBT39, pGAD424, pGADal, the Ha-cDNA library plasmid, and β-galactosidase positive control plasmid pCL1. The plasmid pGBT9 contains a trp1 gene and Gal4 DNA-binding domain (Gal4-BD), the yeast transformants of which can be grown on a SD/-Trp plate. The plasmid pGAD424 contains a leu2 gene and Gal4 activation domain (Gal4-AD), the yeast transformants of which can be grown on a SD/-Leu plate. Figure 1 shows a map of all of the vectors that were used and constructed in this paper. .0), 0.27 ml β-mercaptoethanol, and 1.67 ml X-gal stock solution (20 mg/ml X-gal in N,N-dimethylformamide)], PHEM buffer [60 mM piperazine-N,N'-bis (2-ethanesulfonic acid), 25 mM N'-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid, 10 mM EGTA, and 2 mM MgCl 2 (pH 6.9 with NaOH)], as well as other buffers were prepared in our laboratory.
Chemicals and buffers
Ha-cDNA library construction Using the oligo (dT) cellulose column, mRNA of the Hz-AM1 cells was purified from the total RNA that was isolated from the Hz-AM1 cells with the TRIZOL reagent. The cDNA of the Hz-AM1 cells (Ha-cDNA) was synthesized with the SuperScript TM Choice System from a cDNA Synthesis kit. Inserting Ha-cDNA with the EcoRI adapter into the EcoRI site of pGAD424 resulted in the construction of Ha-cDNA library plasmids. Transforming E. coli DH5α with the library plasmids allowed the construction of the Ha-cDNA library.
Yeast two-hybrid system The yeast two-hybrid system was manipulated according to the Clontech Yeast Protocols Handbook.
First, the open-reading frame of the HaNPV vp39 gene was fused in frame with the Gal4 DNA-binding domain in the vector pGBT9, which resulted in the bait plasmid pGBT39. Then, according to the library-scaled sequential transformation protocol of the yeast twohybrid system, pGBT39 was used to transform the yeast HF7C cells that originally carried the Ha-cDNA library plasmids. Next, the transformation mixture was plated onto the SD/-Trp-Leu-His plates and all of the Trp+Leu+His+ clones were streaked onto fresh SD/-Trp-Leu-His plates for β-galactosidase filter assay after 4 d. Finally, the His+Lac+ clones were identified by sequencing.
Cell transfection
The HaNPV vp39 transient expression vector pEGFP39 was constructed by inserting vp39 in frame with the green fluorescent protein (GFP) gene under the control of the immediate early (IE1) gene promoter of AcMNPV. The negativecontrol plasmid pEGFP only contained the gfp gene under the control of the AcMNPV IE1 promoter. Using the LipofectAMINE TM 2000 reagent, the Hz-AM1 cells that were grown on coverslips in 6-well plates were transfected with pEGFP39 in order to express the fusion protein GFP-VP39. The cells that were transfected with pEGFP were used to express GFP.
Fluorescence microscopy At 6, 9, 12, and 24 h after being transfected with pEGFP39 or pEGFP, the cells on the coverslips were extracted for 10 min in a PHEM buffer that contained 0.15% Triton X-100 and 3 × 10 −7 M TRITC-phalloidin. TRITC-phalloidin was able to bind to the actin protein specifically and emit red fluorescence under fluorescence microscopy. After being rinsed twice with PHEM buffer, the extracted cells were mounted for viewing in a drop of a nonbleach mountant (10 mg of phenylenediamine/ml of PHEM mixed 19 with glycerol). Then the coverslips were viewed and photographed with a photomicroscope that was equipped for fluorescence microscopy
Results
Quantity of the Ha-cDNA library The titer of the HacDNA library was 2.1 × 10 6 cfu/ml calculated by spreading diluted-library transformants onto LB/amp plates, then counting the number of colonies that were grown on the plates. The Ha-cDNA insert size of 10 randomly-selected clones was determined by PCR amplification using insertscreening primers. Fig. 2 shows that 7 of them had different inserts ranging from about 0.6-9 kb. Therefore, the independent clones of the library were (2.1 × 10 6 ) × 0.7 = 1.5 × 10 6 cfu/ml. The Ha-cDNA library could represent the mRNA population complexity of the Hz-AM1 cells.
Interaction of VP39 with actin in yeast
We used the yeast two-hybrid system to screen the cellular interaction protein of HaNPV VP39 from the Ha-cDNA library. The open-reading frame of the vp39 gene that was fused in frame with the Gal4 DNA-binding domain in the pGBT9 plasmid was used as bait.
Fig. 1.
A map of all of the vectors that were used and constructed in this paper.
From 1 × 10 6 co-transformants, one His+LacZ+ clone was isolated. The full-length of the inserted cDNA was 1298bp (Fig. 3) . It encoded a polypeptide of 376 amino acids, which was just the same as the actin of Helicoverpa armigera (Rourke et al., 1997) .
To conform the interaction of HaNPV VP39 actin protein, the open-reading frame of the actin gene was fused in frame to the Gal4-activation domain in vector pGAD424, which resulted in the Gal4-AD/actin fusion protein expression vector pGADal (Fig. 1) . As shown in Figure 4 , the HF7C yeast cotransformant of plasmids pGADal and pGBT39 grew very well on the SD/-Trp-Leu-His plate, and displayed a strong blue color in the β-galactosidase filter assay. However, the cotransformant of pGADal and pGBT9 could not grow on the The filter was then placed on another filter that had been presoaked with a Z-buffer/X-gal solution to produce blue colonies. Top left 1, the negative-control yeast that contained pGBT39 and pGAD424; Top right 2, the yeast that contained the positive-plasmid pCL1; Bottom 3, the yeast that contained pGBT39 and pGADal. same plate. These results demonstrate that two fusion proteins, Gal4-BD/VP39 and Gal4-AD/ACTIN that were expressed in the yeast HF7C that contained plasmids pGBT39 and pGADal, can form a transcription-activation factor because of the interaction between VP39 and actin. These proteins also activate the his and lacZ gene expressions under the control of the Gal4-responsive promoter. Therefore, the HF7C co-transformants that displayed the His+LacZ+ phenotype confirmed the interaction of HaNPV VP39 with its host actin in yeast.
Actin rearrangement in Hz-AM1 cells induced by the transient expression of HaNPV VP39
The GFP expression or the fusion protein VP39-GFP in cells was observed under fluorescence microscopy. No green fluorescence was discovered in the pEGFP or pEGFP39 transfected-Hz-AM1 cells before 6 h after the transfection, which indicates that the GFP protein or GFP-VP39 was not expressed before that time. The actin skeleton in these cells, which was illuminated by a red fluorescence substance TRITC-phalloidin, was just like that of the normal cells (data not shown).
Six hours after the transfection, the fusion protein GFP-VP39 began to appear in the cell plasma (Fig. 5C1) , and the actin skeleton began to rearrange itself (Fig. 5C2) . After 9 h, the actin skeleton was further aggregated in the cytoplasm and began to appear in the nucleus. The cells then became round (Fig. 5D2) . At 12 h and 24 h after the transfection, the actin skeleton formed thick aggregates in the nucleus (Fig. 5E2,  F2) .
On the other hand, the Hz-AM1 cells that were transfected with pEGFP that contained the gfp gene under the control of The actin skeleton in the Hz-AM1 cells was stained specifically by the red fluorescent substance TRITC-phalloidin. GFP and the fusion protein GFP-VP39 that was expressed in the Hz-AM1 cells were shown by the green fluorescence that was emitted by the green fluorescent protein. A, the actin skeleton in the normal Hz-AM1 cell; B1, the GFP that was expressed in the Hz-AM1 cell that was transformed with pEGFP; B2, the actin skeleton in the same cell of B1; C1, D1, and E1, the fusion protein GFP-VP39 that was expressed transiently in the Hz-AM1 cells 6, 9, 12, and 24 h after being transfected with pEGFP39; C2, D2, and E2, the actin skeleton in the corresponded cells of C1, D1, and E1.
the AcMNPV IE1 promoter could express the green from 6-24 h after the transfection (Fig. 5B1) . But, the host actin skeleton in the cell did not change (Fig. 5B2) , it remained just like those of normal cells (Fig.5A ). This result indicates that the expressed GFP could not affect the host actin skeleton.
As shown in Figure 5 , the location and density of the green fluorescence in the pEGFP39-harbored cells corresponded to the red fluorescence (C1 corresponded to C2, D1 to D2, E1 to E2, and F1 to F2 in Fig. 5 ). But, there was no such correspondence in the pEGFP-harbored cells (B1 did not correspond to B2 in Fig. 5 ). These results suggest that HaNPV VP39 could bind actin and cause the rearrangement of the host actin skeleton, but GFP had no such function.
Discussion
Actin is an abundant and highly-conserved protein in eukaryotic cells, and is the major component of the cell skeleton. Actin may be involved in normal cellular processes, such as adhesion, motility, division, phagacytosis, secretion, and the intracellular transport of organelles (Bradley et al., 1979; Kachar et al., 1988; Stockem et al., 1983; Stossel, 1984; Tasaka et al., 1988) . Actin in particular plays an important role in the infectious course of the virus.
VP39 and V-CATH are the most important proteins that are associated with the host liquidization. AcMNPV VP39 could induce the rearrangement of the actin cytoskeleton. The rearranging actin cytoskeleton is more suitable for the viral protease V-CATH to degrade (Lorene et al., 1996) . Larvae that infected by AcMNPV with two copies of v-cath achieved liquidization easier and died more quickly than those that were infected by the wild AcMNPV. AcMNPV without the vcath gene was unable to cause the liquidization of the larvae (Liu et al., 2001) .
This study revealed the interaction of HaNPV VP39 with the actin of the Hz-AM1 cells with the yeast two-hybrid system and the fluorescence microscopy technology. The transiently-expressed HaNPV VP39 could induce the actin cytoskeleton to aggregate sequentially -first, in cytoplasm, then in the nucleus. The cells became round after HaNPV VP39 was expressed, which may be due to the actin aggregation. However, the following still needs to be clarified: what is the function of this interaction in the virus infection? Are other viral proteins involved in the actin aggregation?
The work of cloning another important gene that is associated with the host liquidization (HaNPV v-cath) is ongoing. Hopefully, further work in this lab will reveal the liquidization mechanism of the Heliothis armigera larvae that is caused by HaNPV, and will lead to the construction of a recombinant HaNPV with an improved pest-killing effect.
